In this paper, a direct adaptive output feedback control scheme using fuzzy systems is presented for a class of uncertain SISO nonlinear systems with unknown control direction. Within this scheme, a high-gain observer is employed to estimate the unavailable system states, a fuzzy system is employed to generate directly the control input signal with only output feedback, and the Nussbaum-type function is used to deal with the unknown control direction. The stability of the closed-loop system is performed using a Lyapunov approach. Simulation results are provided to verify the effectiveness of the proposed design. 
INTRODUCTION
Over the past two decades, fuzzy logic control has found extensive applications for plants that are complex and illdefined and various results have been achieved (Wang, 1994) . Particularly, based on the universal approximation capability of fuzzy systems, several stable adaptive fuzzy control schemes have been developed for a class of uncertain nonlinear systems (Spoonner and Passino, 1996; Wang, 1994) . The stability study in such schemes is performed by using the Lyapunov design approach. Conceptually, there are two distinct approaches that have been formulated in the design of a fuzzy adaptive control system: direct and indirect schemes. In the direct scheme, the fuzzy system is used to approximate an unknown ideal controller (Labiod and Guerra, 2007; Liu et al., 2009 , Spooner and Passino, 1996 , Wang, 1994 . On the other hand, the indirect scheme uses fuzzy systems to estimate the plant dynamics and then synthesizes a control law based on these estimates (Labiod et al., 2005; Spooner and Passino, 1996, Wang, 1994) .
However, in the aforementioned papers, the control direction is assumed known a priori, i.e., the sign of the control gain is assumed known for the designer. Without this assumption, adaptive controllers design becomes much more difficult, because in this case, one cannot decide the direction along which the control operates and/or the direction of the search of controller parameters. In the adaptive control literature, the unknown control direction problem is mainly solved by using the Nussbaum-type function for controller design for both linear and nonlinear systems (see e.g. Boulkroune et al., 2010; Ge et al., 2004; Ioannou and Sun, 1996; Ye and Jiang, 1998; Zhang and Ge, 2007) .
Furthermore, the proposed controllers often require the full system states availability, which are usually not available in practice. A sound solution to the problem of immeasurable states is to use high-gain observers to estimate the system states and then use the state estimates in the controller implementation (see e.g. Behtash, 1990; Ge and Zhang, 2003; Gong and Yao, 2006; Khalil, 1996) . The advantage of using high-gain observers is that the output feedback control can recover the performance achieved under state feedback.
In this paper we present a direct adaptive fuzzy output feedback control scheme for a class of uncertain nonlinear systems with unknown control direction. In the design, a high-gain observer is used to estimate the inaccessible states, a fuzzy system is used to identify an unknown ideal controller that can achieve control objectives, and a Nussbaum gain function is introduced to solve the problem of unknown control direction. It is proved that the proposed adaptive fuzzy control approach can guarantee the asymptotic convergence of the tracking error to a neighbourhood around zero. This paper is organized as follows. The problem formulation and preliminaries are given in section 2. The used high-gain observer and the proposed direct adaptive control scheme are presented in section 3. In section 4, the proposed adaptive control algorithm is used to control a simple nonlinear system.
PROBLEM FORMULATION AND PRELIMINARIES
Consider the class of single-input single-output (SISO) nonlinear systems modeled by
or, equivalently
where In respect of the dynamic system (1), the following assumption will be made:
Assumption 1: The control gain   g x and its sign are unknown with
, where g and g are positive constants.
The objective is to design an adaptive fuzzy controller for system (1) such that the system output   Regarding the development of the control law, the following assumption should also be made: Now, let us define the tracking error vector as
where
and let s be a sliding surface defined as
From (5) 
Consider now the following positive function
Using (6), (9) becomes
If the nonlinear function   f x and the control gain   g x are known and the state vector x is available, the ideal control law
which implies that   0 s t  as t   and therefore
, converge to zero (Slotine and Li, 1991) .
However, the nonlinear functions   f x and   g x are unknown and the system state vector x is unavailable for measurement, so control law (11) is not implementable. An efficient solution consists in using a fuzzy system to identity the unknown controller and a high-gain observer to estimate the system states.
In this paper we use the zero-order Takagi-Sugeno fuzzy system that performs a mapping from an input vector
, for each input i z , then the fuzzy system will be characterized by a set of if-then rules of the form (Wang, 1994; Labiod and Guerra, 2007)   
y is the crisp output of the k -th rule, and N is the total number of rules.
By using the singleton fuzzifier and the product inference engine, the final output of the fuzzy system is given as follows (Wang, 1994) 
where By introducing the concept of fuzzy basis functions (Wang, 1994) , the output given by (14) 
The fuzzy system (15) is assumed to be well-defined such
It has been proved in (Wang, 1994) that fuzzy systems in the form of (15) with Gaussian membership functions can approximate continuous functions over a compact set to an arbitrary degree of accuracy provided that enough number of rules are considered.
In order to deal with the unknown control direction (sign of   g x ), the Nussbaum gain technique is used in this paper.
The Nussbaum gain technique has been effectively used in controller design in solving the difficulty of unknown control directions (see e.g. Boulkroune et al., 2010; Ge et al., 2004; Ioannou and Sun, 1996; Ye and Jiang, 1998; Zhang and Ge, 2007) . A function   N  is called a Nussbaum-type function if it has the following properties (Ge et al., 2004)  
HIGH-GAIN OBSERVER AND ADAPTIVE CONTROLLER DESIGN

High-gain Observer
To overcome the problem of the immeasurable output derivatives or system states, the high-gain observer proposed in Behtash (1990) will be used to estimate the output derivatives of system (1).
Lemma 1. Suppose the system output   y t and its first n derivatives are bounded, such that 
where  is any small positive constant, and the parameters 
Proof. For the proof, please refer to (Bahtash, 1991; Ge and Zhang, 2003) .
Since the system output   In the following subsection, since the actual state vector x is not available for measurement, the estimated state vector given by
, will be used to design an output feedback adaptive controller for system (1).
Adaptive controller design
In the previous section we have established that there exists an ideal control law * u given by (11) that can achieve the control objective. However, this nonlinear controller cannot be used since the actual state vector is immeasurable and the nonlinear functions   f x and   g x are unknown. In this subsection, to circumvent this problem, we propose to replace the true state vector x in the control law with the state estimate x produced by the observer (19), and to use fuzzy systems to approximate the unknown controller.
Tacking the Laplace transform of (2), we obtain
Using (22) and (23), the Laplace transform of
In the time domain, (24) can be written as By assuming that the signal 
where   t  is upper bounded. This assumption is reasonable because the estimation error  x x is bounded and can be made arbitrary small by decreasing  .
With (26), (25) becomes
Since it is established in the previous subsection that the output estimation error f y y  can be made very small, therefore, the control objective is redefined as the design of an adaptive controller to force 
Its time derivative is given by
where ( ) 
To develop the control law, we assume that the ideal controller * u can be approximated by a fuzzy system in the form of (15) In order to achieve control objectives the following adaptive laws are employed.
where 1  , 2  , 3  ,  are strictly positive constants.
Theorem 1: For nonlinear system (27), under Assumptions 1 and 2, the control law given by (32) and (33) tracking capability of the proposed adaptive control algorithm and its effectiveness for output feedback tracking control of uncertain nonlinear systems with unknown control direction. 
CONCLUSION
This paper proposed a direct adaptive fuzzy output feedback control scheme for a class of uncertain SISO nonlinear systems with unknown control direction. The scheme consists of a high-gain observer to estimate the unmeasured states and an adaptive fuzzy controller with its adaptive law. The universal approximation capability of fuzzy systems is used to approximate the unknown controller and the Nussbaum gain technique is used for dealing with the unknown control direction. Under some mild assumptions, the proposed controller can guarantee the boundedness of all the signals in the closed-loop system and asymptotic convergence of the tracking error to a small neighbourhood of zero.
